To discover the relation between mitochondrial DNA (mtDNA) polymorphism and the geographic population structure of Drosophila subobscura previously established for other genetic traits, a wide Paleartic survey was carried out. A total of 24 nucleomorphs was observed among 26 1 isofemale lines assayed by 11 restriction endonucleases with 38 different sites in the mtDNA cleavage map. The differentiation of the Canary Islands populations (6 = 0.0119) compared with the mean among all the other continental and insular populations (6 = 0.0002) is striking. Both the great divergence among Canary Islands nucleomorphs (6 = 0.02 1) compared with the maximum nucleomorph distance in all other populations (6 = 0.0 17) and the abundance of endemic nucleomorphs (11) on the Canary Islands (50% of the total number of different nucleomorphs found in the entire distribution area) suggest that this molecular differentiation most probably results from the very old age of the Canary Islands populations rather than from drift and founder effects.
Introduction
Because of its relative abundance, its extensive geographic distribution, and its rich chromosomal polymorphism, Drosophila subobscura has become the most intensively investigated European species of the genus Drosophila with regard to population genetics. There is evidence, at different levels, that natural populations of D. subobscura are geographically structured. Differences have been observed between northern marginal and southern central populations, with respect to average chromosomal heterozygosity, viability distribution, and lethal gene frequencies (Sperlich et al. 1977 (Sperlich et al. , 1980 Pfriem and Sperlich 1982) . On the other hand, no differences were found normally for enzymatic variation (Saura et al. 1973) . The existence of strong north-south clines for quantitative variation, such as wing size (Prevosti 1955; Pfriem 1983) , gene arrangement frequencies (Prevosti 1964; Krimbas 1965; Krimbas and Loukas 1980) , and exceptionally for allozyme frequencies (Pinsker and Sperlich 1979; Prevosti et al. 1983) , is evident. Isolated insular populations of this species seem to possess generally primitive features in their chromosomal polymorphism (Prevosti et al. 1975) , but with respect to allozyme variation the populations from the Canary Islands are clearly distinguished from both continental populations and other insular populations . There is also evidence that D. subobscura populations are structured on a fine scale, both temporally and spatially. Seasonal changes have been found for gene arrangement frequencies (De Frutos and Prevosti 1984) . Nonrandom microdispersion of inversion polymorphism has also been observed several times (Burla and Giitz 1965; Krimbas and Alevizos 1973; Burla et al. 1986 ). Habitat choice of the various karyotypes of this species has been described by Kekic et al. (1980) , Shorrocks and Nigro (198 I) , and Cabrera et al. (1985) . There also exist differences in the daily activity of the various allozyme variants (Cabrera et al. 1985) . Furthermore, relationships between the different genetic traits mentioned above have also been discovered, as between gene arrangements and quantitative traits (Prevosti 1967) and, mainly, as nonrandom associations between allozyme variants and chromosomal inversions (Zouros et al. 1974; Loukas and Krimbas 1975; Charlesworth et al. 1979; Pinsker and Sperlich 1982; Cabrera et al. 1983; Prevosti et al. 1983) . The strength of this gametic disequilibrium may even show seasonal changes in some populations (Fontdevila et al. 1983) . In spite of this large amount of information, the relative importance of historical or selective factors for the determination of the macro-and microstructure of the D. subobscura populations remains unclear.
Mitochondrial DNA (mtDNA) variation has recently become a favorite tool for the study of intraspecific population structure on a fine scale, because of its considerable polymorphism and its strong sensitivity to founder events or population subdivision. The main reasons for this are the maternal mode of inheritance and the lack of recombination (for a review, see Wilson et al. 1985) . Hence, it was of interest to study the mtDNA polymorphism of those continental and insular populations of D. subobscura that had already been analyzed previously, with respect to chromosomal and allozyme variability, by other authors and ourselves (Lakovaara and Saura 197 1; Saura et al. 1973; Prevosti 1974; Pinsker et al. 1978; Pinsker and Sperlich 1979; Cabrera et al. 1980; Krimbas and Loukas 1980; Sperlich et al. 1980; Larruga et al. 1983; Prevosti et al. 1983; Cabrera et al. 1985) . Our main aim was to find out whether the pattern of mtDNA variability fits that of inversion polymorphism and those characters that are determined by nuclear genes.
Material and Methods
A total of 26 1 isofemale lines of Drosophila subobscura from the Old World were analyzed. Some populations were sampled twice in order to detect temporal variation, and, in one locality (Raices), two ecologically distinct areas were examined at the same time to obtain information on microgeographic differentiation. The localities sampled ( fig. 1) Formia, Ponza, and Sicily (all three collected in 1977) ; Sweden-six lines from Gavle, three lines from Uppsala, and three lines from Sundsvall (all six collected in 1987); USSR-one line from Caucasus, collected in 1979. mtDNA isolation from adult Drosophila flies, enzymatic digestion by restriction enzymes, electrophoresis, and the registration of fragment-length pattern is as described by Afonso et al. (1988) . Eleven restriction enzymes were used in the present study: Two of them (HaeIII and HpaII) recognize 4-bp sequences. The other nine (BarnHI, EcoRI, EcoRV, HindIII, PstI, PvuII, SacI, XbaI, and XhoI) recognize 6-bp sequences. To facilitate comparisons, the different restriction patterns of a given enzyme will be designated by capital letters (figs. 2 and 3), in accordance with the protocol of Latorre et al. ( 1986) , but the nucleomorphs deduced from the patterns of all enzymes together (Nei and Tajima 198 1) will be denoted by arabic and not by roman numbers (figs. 3-5), because of the large number of different nucleomorphs found in the present survey.
The construction of the restriction map of the mtDNA molecule was carried out in three different ways: double digestions with pairs of enzymes that give only a few restriction fragments, partial digestions for enzymes with numerous and/or small fragments, and filter hybridization of totally digested DNA with the already mapped clones of D. melanogaster 62F9, H, B, and M.3 [constructed by Garesse (1988) ] and of D. yakuba pDYHB, pDYHC, and pDYHD, [prepared by Clary and Wolstenholme (1985) ], by using photobiotinated probes (Forster et al. 1985) . Restriction-fragment sizes were determined by using both lambda DNA cut with Hind111 and pBR322 DNA cut with HaeIII as reference markers and by applying the Schaffer and Sederoff ( 198 1) program for length estimation. The intra-and interpopulation nucleotide diversity was estimated with equations (18) and (3 1) of Nei and Tajima (198 1) . The partition of the total genetic variation in subdivided subpopulations was obtained by the method of Nei (1982) , and the calculations of the amount of genetic differentiation between nucleomorphs were done by using equations (1 l), (19), and (25) of Nei and Tajima ( 1983) . Phylogenetic trees were constructed using the unweighted-pair-group method (Sneath and Sokal 1973) or the neighbor-joining method (Saitou and Nei 1987) .
Results
Of the 11 enzymes used in the present survey, only one (XhoI) did not cut the mtDNA molecule in any of the strains, three (BarnHI, PvuII, and XbaI) produced the same pattern in all strains, and the other seven were "polymorphic" at least in one of the strains (fig. 2) . The largest number of restriction fragments that a simple digestion yielded was five for the restriction variants EcoRI C, HpaII C, and HpaII D. In the map construction ( fig. 2) , the smallest fragment detected by our method was 300 bp in length when Sac1 was used, but in the ordinary screening program of the population studies the smallest fragments which could be reliably discovered were in the range of 500 bp.
The mean length of Drosophila subobscura mtDNA was estimated to be 15,900 + 300 bp. Since the estimation of the length of long fragments in the gel is rather imprecise, an indirect approach for the estimation was used. There are three conservative Hind111 sites in Drosophila mtDNA that are also present in D. subobscura (figs. 2 and 6). The two large fragments of Hind111 digestion are 8,450 and 5,300 bp long (Clary and Wolstenholme 1985; Solignac et al. 1986b ). The remaining fragment, containing the AT-rich region, is at most 2,150 bp long in D. subobscura. The total length must therefore be 15,900 bp. This is considerably shorter than the mtDNA of D. melanogaster or D. yakuba. Yet, in regard to the AT-rich region, size variations between species of the same genus are well known for Drosophila (Hale and Beckenbach 1985; Hale and Singh 1986; Solignac et al. 1986a ).
Thirty-eight restriction sites were detected. Half of them proved to be unvaried; the other half were polymorphic, as can be seen from figure 6, where our D. subobscura restriction map is compared with the genetic map of D. yakuba by Clary and Wolstenholme ( 1985) .
Only one of the 26 1 isofemale lines tested proved to be heteroplasmic. This line comes from the 1986 sample from Tiibingen and contains two types of mtDNA, differing in total mtDNA size. One mtDNA type corresponds to that found in all the other lines, whereas the other is considerably shorter (N 11 kb).
The frequencies of different restriction patterns for the seven polymorphic enzymes for all the populations studied are shown in table 1. The enzymes EcoRI, EcoRV, PstI, and Sac1 show a cardinal pattern that is the same in all the geographic samples with rare local variants. HpaII is consistently polymorphic only in the Canary Islands populations where variant B is the most frequent. In all other regions variant A is the only or the most important pattern. A similar situation exists for the enzyme HindIII; again the most frequent restriction pattern (B), found in the Canary Islands, is not the one that is fixed on the European continent. In this case, however, the nearest geographic populations to the Canary Islands, i.e., Morocco and Madeira, have also the Canary Islands variant, although at low frequencies. The only enzyme that is polymorphic in all populations studied is HaeIII. Once more, the most common variant of the Canary Islands (B) is absent in all other populations, whereas the types common elsewhere (A and C) are present only at relatively low frequencies in the Canary Islands. Furthermore, the frequency distribution of these common variants displays a northsouth clinal variation, ranging from frequency values as low as 0.083 for variant A in Sweden to 0.526 in one of the Iberian Peninsula populations (Villares). In spite of the temporal variation existing in the two samples from Tubingen, the correlation (when a moment-product r is used) between the frequency of pattern A and latitude is statistically significant when all samples are used (r = -0.874; df = 9; P < 0.001) and is still so, though at a lower level, when the three Swedish samples are pooled and when the small French sample is excluded (r = -0.777; df = 5; P < 0.05).
The percentages of the 24 different nucleomorphs detected in the various geographic lines are given in table 2. The overall distribution pattern is the same as that deduced from restriction fragments of single enzymes. There are two cosmopolitan nucleomorphs (3 and 13) with high frequencies in all the populations, except in the Canary Islands. On the other hand, the most common nucleomorph (2) in the Canary Islands is absent from all the other populations. Nucleomorph 8 is present only in North Africa, the Canary Islands, and the Madeira Islands. The rest of the nucleomorphs are unique to single populations. Again, the difference between the Canary Islands populations and the others is evident.
The nucleotide diversity, rr, has been proposed as a fundamental measure of the amount of DNA variability in a given population (Nei and Li 1979) . It is defined as the average per-site number of nucleotide differences between two randomly chosen DNA sequences. The existence of 4 bp-and 6 bp-specific enzymes has been taken into account. The value from our data for the total sample including all populations is 0.008 1. This can be taken as an estimate of the mtDNA diversity of D. subobscura in its original distribution area. The values, multiplied by 102, for the different regions from which enough single female lines were studied are presented in the diagonal of table 3. The most extreme values are those from Tenerife (0.47) and Sweden (0.07). In the same table, the estimates of DNA divergence (6), multiplied by 102, between regions are presented above the diagonal. This 6 value relates to the average number of nucleotide substitutions for a randomly chosen pair of mtDNA molecules from two different populations minus the arithmetic mean of the average numbers of nu- cleotide substitutions that are found for pairs of mtDNA molecules from the same populations because of the effect of polymorphism. For the calculation of the 6 values, the frequencies of each nucleomorph in each region are taken into account (Nei and Li 1979; Nei and Tajima 198 1) . In the present case, the nucleotide divergence was estimated, according to the method of Becker et al. (1988) , for 4 bp-and 6 bp-specific restriction enzymes separately and was averaged by weighting each n or 6 value by the number of nucleotide sites detected by each group of restriction enzymes. As can be seen from table 3, the Canary Islands prove to be the only region that is well differentiated from the rest in the distribution area of D. subobscura, with an average divergence of 6 = ( 1.19 + 0.04)( 10e2). In contrast, the divergences between the other regions are practically nonexistent, though the geographic distances and the natural barriers are substantial for some pairs of populations.
It is also possible to estimate values of divergence between the different mtDNA nucleomorphs. Figure 4 presents the values (X 103), between pairs of mtDNA nu- from https://academic.oup.com/mbe/article-abstr cleomorphs, calculated by the maximum-likelihood method of Nei and Tajima ( 1983) . The maximum distance value (25.6) of figure 4 is that between nucleomorph 12, endemic to the Canary Islands, and nucleomorph 24 from Germany. Within regions, the maximum distance (20.5) is that between nucleomorphs 3 and 12 of the Canary Islands, compared with the distance value ( 16.7) between nucleomorphs 2 1 and 24, which is the maximum distance between the nucleomorphs for all European populations. Figure 3 shows the estimated genealogical relationships among the various nucleomorphs. Both phylogenetic trees generally reflect the same pattern of relationship. There are two main clusters, one of them formed by nearly all the endemic nucleomorphs from the Canary Islands and the other composed of all the cosmopolitan and non-Canary Islands nucleomorphs. In figure 5 the 24 nucleomorphs are arranged in such a way that the connecting lines minimize the total number of restriction-site changes required to move from one nucleomorph to the other. All nucleomorphs directly connected differ from each other only by a single mutational step, with exception of the pairs 13-18 and 13-24, which are separated by two nucleotide changes. Yet, some of the relationships in the minimal network of nucleomorphs involve successively the mutational appearance and disappearance of the same restriction sites of the enzymes HaeIII, HindIII, or HpaII ( fig. 5 ). This fact somewhat confuses the genealogical network between nucleomorphs; e.g., the most common nucleomorph (2) of the Canary Islands can be connected with the central nucleomorph 13 in three ways, via nucleomorphs l-6,9-7, and l-7 always gaining and losing identical restriction sites. The phenomenon could be explained by two hypotheses: parallelism (the same mutation occurring more than once) or recombination. The latter hypothesis has a very low probability because of the paucity of recombinational events in animal mtDNA (Wilson et al. 1985) . Another way to analyze the structure of D. subobscura populations is by partitioning of the total mtDNA variation in successive subdivisions. When Nei's (1982) method for analysis of gene diversity is applied to our data, the values of table 4 are obtained. Of the total mtDNA diversity, 61.23% appears to arise from differences among regions, 38.40% from nucleotide diversity within samples, and only 0.25% from differentiation within regions. Expressed as part of the total diversity, the value for the temporal differentiation effect is only 0.12%. However, when the temporal subdivision is considered in only the localities where data for different years exist, the differentiation in Ttibingen (10.69%) is conspecious compared with its absence in Raices (Canary Islands).
Discussion
Our estimation of the size of the mtDNA of Drosophila subobscura is 15.9 kb. This is less than the values calculated by Nigro and Powell (1985) and Latorre et al. (1986) . The reason for the discrepancy is most probably the uncertainty in the estimation, on the basis of the position of the bands in the gel, of long fragments. Smaller fragments can be measured much better. We are quite sure that the smallest fragment of Hind111 is 12,150 bp and that the other two fragments are 8,450 bp and 5,300 bp. The latter figures are consistent with the values of Clary and Wolstenholme (1985) , who have sequenced the mtDNA of D. yakuba.
The average nucleotide diversity, 'Tc, was 0.008 for D. subobscura in our study. This is close to the value found by Latorre et al. (1986) , using only data from Old World strains of D. subobscura (2 = 0.0 11). The majority of estimates for other species of Drosophila (Shah and Langley 1979; Hale and Beckenbach 1985; Hale and Singh 1987) fall within the range 0.002-0.0 11. Similar values were found by us for our different populations (table 3) .
The most significant result of the present study is the large nucleotide divergence between the Canary Islands population and the other populations (table 3 and figs. 3 and 4). The average 6 (0.0 119 + 0.0004) is at the same level as that between the sibling species D. pseudoobscura and D. persimilis. Following Becker et al. ( 1988) we have calculated a 6 value of 0.0 12 on the basis of Hale and Beckenbach's (1985) data. Yet, there is not the slightest indication for the existence of any sexual isolation between Canary Islands and European strains of D. subobscura (Constanti et al. 1986 ). Similar significant differentiation of the Canary Islands populations has been found with respect to chromosomal polymorphism and allozyme variability (Prevosti et al. 1975; Larruga et al. 1983) .
The remarkable genetic divergence of the populations from Canary Islands can be explained by geographic isolation that reduces the gene flow from the continent nearly to zero. Yet, the question remains whether the colonization of Canary Islands by D. subobscura is a recent or an ancient event. Prevosti (1974) concluded, from the similarity of chromosomal inversion polymorphism in the Canary Islands and Madeira and from the striking difference between them and the population in Morocco, that the polymorphism in the islands is an old relict polymorphism that has reached a less evolved stage on the continent. Data on allozyme polymorphism, on the other hand, demonstrate that all the different Canary Islands populations are genetically similar (Cabrera et al. 1980 ) but the Madeira populations are more related to those of the continent than to Canary Islands populations . The data from mtDNA divergence show the same picture (table 3 ). Yet, there are other reasons for believing that Canary Islands populations are indeed very ancient. The maximum distance between nucleomorphs in the Canary Islands populations is 0.02 1, nearly the same magnitude as that found between all nucleomorphs in the present study (0.026). We can convert this molecular divergence value into time, assuming that t = (l/k) X 6 X 0.5, where k is the substitution rate per site per year. For Drosophila mtDNA the k estimates are between 1 X lo-' and 30 X lo-' (Solignac et al. 19863) . This means that the two most divergent nucleomorphs have diverged from a common ancestral molecule between 10.2 Myr ago (Mya) and 0.3 Mya. Another result that seems to confirm the old age of the colonization of the Canary Islands by D. subobscura is the large number of different endemic nucleomorphs found in the insular populations compared with other insular or continental populations of similar sample sizes (table  2) . If all these assumptions are true, it is possible that the populations of the Canary Islands represent the ancestral composition of the originally African populations of D. subobscura, whereas actual continental populations might have originated more recently from a few founders after the last glacial period. The existence, in the Canary Island archipelagos and in Madeira, of a relict Tertiary flora which disappeared from the continents supports this hypothesis. Later, the gene flow from Europe might have affected the composition of the populations of Madeira but not those of the Canary Islands.
Though a relatively high homogeneity for nucleomorph frequencies exists for the European populations, it is worth mentioning that northern, marginal populations appear less polymorphic than central ones (tables 1 and 2). Precisely the same pattern of geographic differentiation has been found for chromosomal inversion polymorphism. Heterozygosities for allozyme variability, on the other hand, are similar in all populations. The different patterns can be explained, if we assume that marginal populations are repeatedly reduced to a small number of individuals. Because of its maternal inheritance, mtDNA is a stronger detector of bottlenecks than are nuclear genes (Lansman et al. 198 1; Wilson et al. 1985) . For chromosomal gene arrangements, however, strong natural selection must be considered.
Another unexpected result is the existence of a north-south clinal variation in the frequencies of mtDNA types A and C of the polymorphic enzyme Hue111 (table  1) . A similar geographic pattern is found for some quantitative traits (Prevosti 1955; Pfriem 1983) , chromosomal gene arrangements (Krimbas and Loukas 1980) , and certain allozyme variants (Pinsker and Sperlich 1979; Prevosti et al. 1983) . Both the hypothesis that the processes are historical and the assumption that adaptive mechanisms have determined the geographic structure of European populations have been proposed (Krimbas and Loukas 1980) . Recently, the existence of similar clinal patterns for both chromosomal polymorphism and wing length in the New World Drosophila have reinforced the adaptation hypothesis (Prevosti et al. 1985 (Prevosti et al. , 1988 . The mtDNA cline found here would favor the historical explanation. Yet, no clinal variation of nucleomorph frequencies has ever been reported from other investigations. New studies on the geographic distribution of mtDNA polymorphism are needed to find out whether this mtDNA frequency cline is real and permanent.
In spite of the high dispersal capacity of D. subobscura Serra et al. 1987) , in populations of this species there are some indications of microspatial and temporal differentiation (Kekic et al. 1980; Shorrocks and Nigro 198 1; De Frutos and Prevosti 1984; Cabrera et al. 1985) similar to those found in other species of Drosophila (Stalker 1976; Taylor and Powell 1977; Barker et al. 1986) . Samples taken in different years at the same locality (tables 1 and 2) showed the existence of temporal fluctuations in nucleomorph frequencies in Tiibingen ( 10.69%) but a great stability in Raices/Tenerife (0%). This difference can be explained by the strong seasonal variations of ecological factors in Germany, which reduce the local population sizes more severely than does the mild and almost constant climate of the Canary Islands.
Only 0.25% of the total diversity arises from differentiation between localities within regions. The relatively small sample sizes (table 1) could explain this result, but the distribution of nucleomorphs among samples makes us believe that a subdivision of populations is real. For example, the three samples from Raices have a similar size and contain five to six endemic nucleomorphs, whereas the sample from Calderetas, only 7 km away, has only one endemic nucleomorph. The same is true for the very close localities of Poiso and Ribeiro on Madeira.
In conclusion, the results demonstrate that the wild populations of D. subobscura are structured with respect to mtDNA polymorphism at a geographical and local level in accordance with the many investigations with other genetic markers. Yet, the studies of mtDNA variability complement the previous data significantly because they are gained on a molecular basis and because mtDNA transfer is governed by a different mode of inheritance.
